Abstract-Coordinated charging of Plug-In Electric Vehicles (PEVs) in residential distribution systems is a new concept currently being explored in the wake of smart grids. Utilities are exploring these options as there are concerns about potential stresses and network congestions that may occur with random and uncoordinated multiple domestic PEV charging activities. Such operations may lead to degraded power quality, poor voltage profiles, overloads in transformer and cables, increased power losses and overall a reduction in the reliability and economy of smart grids. Future smart grids communication network will play an important role in PEV operation because the battery chargers can be remotely coordinated by the utility and harnessed for storing surplus grid energy and reused to support the grid during peak times.
I. INTRODUCTION
OORDINATED smart charging of Plug-In Electric Vehicles (PEVs) is a relatively new topic currently undergoing intense research. While PEVs gain popularity over conventional fuel-based vehicles, their battery charging requirements will need to be fulfilled by new electric vehicle infrastructure to be supported by the rollout of smart grids. One of the initiatives of smart grids is to enable utilities to directly control household electrical devices (e.g., smart appliances) and perform load management actions such as coordinating renewable energy supplies, distributed generation and domestic PEV charging [1] [2] [3] [4] .
PEV charging is expected to take place in public or corporate car parks, electric charging stations, or at a customer's premises [5] . PEV chargers represent sizeable loads which can cause severe network stresses and overloads as well as degrading power quality, reliability and security of the distribution system [6] [7] [8] [9] . Without any coordination, PEV charging could randomly M.A.S. Masoum and P.S. Moses are with the Department of Electrical and Computer Engineering, Curtin University, Perth, Australia. S. Hajforoosh is with the Department of Electrical Engineering, Islamic Azad University, Tabriz Branch, Tabriz, Iran (e-mail: m.masoum@curtin.edu.au, paul.s.moses@gmail. com, and sara.hajforoosh@gmail.com). occur in time and location which could represent a significant threat if the charging activity occurs during peak load time. This is highly probable as PEV owners could arrive home after work within a narrow time period and begin charging their vehicles during a time of already high demand.
Alternatives to random uncoordinated charging is currently being investigated such as smart coordinated charging utilizing the control and bi-directional communications infrastructure of smart grids. In the past two years, there have been a handful of research articles that have put forth novel ideas for tackling the charger coordination problem in smart grids in order to minimize negative system impacts such as overloads, additional losses and voltage instabilities [5, [10] [11] [12] . So far these methods have employed heuristic algorithms and optimization techniques.
This paper investigates the role of charger coordination in improving distribution transformer performance. Distribution transformers will become the weakest link in smart grids which will face unprecedented and new loading patterns from PEV charging. Local distribution circuits and transformers supplying residential networks could suffer significant burdening from PEV charging activities [13] . The performance of distribution transformers with PEV charging deserves further investigation in lieu of new developments in charger coordination techniques. Therefore, based on a recently developed charging coordination approach [11] , the performance of multiple distribution transformers is investigated under various PEV charging scenarios. The study is performed for a large 1200 bus system consisting of a 23 kV distribution system with several low voltage networks connected through various distribution transformers which will be investigated.
The implemented charger coordination approach assigns charging schedules to individual PEV battery chargers while performing network improvement actions such as loss minimization, load leveling, peak shaving and voltage regulation. Load variations, PEV owner priorities, generation limits over a 24 hour period are considered. This paper will only focus on the effect on distribution transformer loading and stresses. The results of this study are important in improving the understanding of future PEV loading patterns, distribution design considerations for smart grids, impacts on distribution transformer performance. systems. The methods consider the performance of the system as a whole and based on heuristic or optimization methods, attempt to control PEV charging while minimizing network congestions, operational costs and power losses. This paper implements the real-time charging strategy approach of [11] which based on a power loss minimization approach, decides which PEVs begin charging and at what time. Unlike other methods, this approach also considers PEV owner designated priorities in the coordination problem and can be applied to very large systems. This paper focuses on transformer operation with multiple PEV charging activity over a 24 hour period. This section gives a brief overview of the implemented real-time charging approach; however the finer details of the coordination algorithm are omitted for the sake of brevity.
II. COORDINATED CHARGING OF PEVS IN SMART GRIDS

A. Charger Coordination Constraints
An important factor in distribution system operation is the regulation of voltages within acceptable limits. The implemented charger coordination strategy has set the voltage limits as a constraint in the algorithm. The voltage limits are set to +/-10% ( pu
) which is typical of many distribution systems,
(1) where k is the node number and n is the total number of nodes. A second constraint is set to prevent the occurrence of a generation overload condition that may be caused by PEV charging. Therefore, the total maximum system demand of the distribution system is specified such that total power consumption at each time step h (∑ Demand h ) is limited to the peak demand level (D max ) that would normally occur without any PEVs connected in the residential networks.
B. Charger Coordination Objectives
The minimization of system demand and total system power losses for the PEV charging time is the main objective of this coordination algorithm. This also has a direct impact on maximizing distribution system economy by limiting the cost of energy that would otherwise be expended on cable and transformer losses. In order to achieve this, the following objective function is used:
where h start and h end correspond to the starting and ending charging times within the selected charging time zone, respectively and
is the load demand of node k at time step h. The loss minimization objective is defined as the minimization of incremental system losses over 24 hours:
Based on Newton-based power flow outputs, the power losses of the distribution system are computed from line losses in sections between nodes k and k+1 is
and the total power loss is
C. Modified Power Flow
The implemented charger coordination approach makes use of a modified Newton-based load flow routine to assess the state of the distribution system subject to PEV charging. This includes the evaluation of voltage profile and power losses, which is necessary for the computation of the objective function and checking of constraints. Constant power load models are used with their real and reactive powers updated through a load curve for each time interval the load flow is computed. In this paper, the time intervals for the 24 hour load flow computations is every 15 minutes.
D. Real-Time Coordinated PEV Charging Algorithm
Assuming a smart grid communication infrastructure and random arrivals of PEVs, the devised real-time coordination algorithm charges the vehicles as soon as possible based on their designated priorities [11] . It updates the status of PEVs every 15 minutes, determines the near-optimal coordination pattern and signals the vehicles to start charging at the most appropriate times based on their locations, their designated charging time zones (e.g., red, blue or green), and grid generation level such that system losses are minimized and bus voltages are regulated.
The coordination algorithm starts with the highest priority group of PEVs (e.g., red) and through scanning a predetermined system load curve (updated at each iteration), finds the ideal time to schedule PEV which corresponds to the minimum losses (Eq. 3). The order of vehicle charging is selected based on the maximum sensitivity selections (MSS) of buses such that within each priority group the PEVs with the least impacts on power losses and system voltage profile (as computed from load flow) are quickly charged. PEV nodes whose charging results in out of tolerance conditions (e.g., violating voltage and/or generation limits) will be rescheduled until the constraints are satisfied. Therefore, not all PEV owners may be able to charge in their preferred charging zones and some might be deferred to the next time intervals. This process is repeated at each time interval (e.g., every 15 minutes) until the program arrives at individual schedules assigned to all PEV chargers.
Detailed explanation and presentation of the real-time PEV coordination algorithm are omitted for the sake of brevity and can be found in [11] . DT-17 Fig. 1(b) DT-18 Fig. 1(b) DT-22 Fig. 1(b) DT-30 Fig. 1(b) DT-31 Fig. 1(b) DT-29 Fig. 1(b) DT-23 Fig. 1(b) DT-24 Fig. 1(b 
III. THE SMART GRID TEST SYSTEM
In order to better understand the impacts of multiple domestic PEV charging on distribution transformer performance in smart grids, extensive simulation studies have been performed for a realistic 1200 node smart grid configuration with medium and low voltage feeders (Fig. 1) .
A. System Under Study
A realistic distribution system topology was sought with high voltage and several low voltage networks joined together. The low voltage sections are based on a typical 53 bus 415V residential system in Western Australia (WA) which is modified to include different levels of PEV penetration (Fig. 1 ). There are a total of 22 residential systems each supplied through 100 kVA distribution transformers (DT-10 to DT-31) connected to the IEEE 31 bus 23 kV distribution system. The complete system is implemented for the charger coordination program which is developed in a MATLAB environment. The total number of nodes in this system is 1200.
Different PEV penetration levels reflecting a wide variety of operational scenarios in the near and long term future are considered (low, moderate, high and very high) with three charging zones (6pm-10pm, 6pm-1am, and 6pm-8am). The line and load parameters of the multiple residential 19-bus systems and the high voltage 31 bus system are available in appendix.
B. Residential Load Profiles
Based on actual recordings from a distribution transformer in Western Australia, residential load curves are constructed to model the domestic load variations (without PEV charging) at each house. A power factor of 0.9 is assumed with an average house peak demand of 2 kW.
C. Plug-In Electric Vehicles Charging Profile
PEV charger load profiles are constructed assuming each battery has a maximum storage capacity of 10 kWh [9] which is consistent with the lower range of PEV battery capacities currently on the market. These smaller PEVs are expected to dominant the market more than the larger and more expensive PEVs with larger batteries. Furthermore, it is assumed that only 70% of the capacity of the battery is used in order to optimise battery life expectancy. These assumptions result in 8 kWh of energy required from the utility grid to charge a single PEV battery, assuming 88% charging efficiency [10] .
D. PEV Battery Charger Ratings
For this analysis, the battery chargers for PEV are rated at 4 kW at unity power factor. The 4 kW rating is chosen because most modern day residential circuits (e.g., in Western Australia) can support 15-20 Amps which for a standard single phase 230 V supply can deliver 4.6 kW. This is the largest charger that can be supported from a standard outlet at home without reinforcing the wiring [11] . 
E. PEV Penetrations and Priority Charging Time Zones
Four PEV penetration levels of 17%, 31%, 46% and 62% are simulated. For each penetration, PEVs are grouped into three priority time zones (e.g., red, blue and green zones):
• Red charging zone (1800h-2200h)-is for PEV owners wanting to charge their PEVs as soon as possible upon return from work in order to have their vehicles ready for use later in the evening. As this charging zone is coinciding with most of the on-peak period, PEV owners that wish to subscribe for high priority on-peak charging will pay a higher tariff rate.
• Blue charging zone (1800h-0100h)-is offered for (medium priority) consumers that prefer to charge their vehicles at partially off-peak periods and pay a lower tariff rate.
• Green charging zone (1800h-0800h)-is the period that most PEV charging is expected to take place since most (low priority) consumers will require their vehicles fully charged for use throughout the next day. For the analysis of this paper, the priority groups and residential nodes with PEVs are randomly allocated.
F. Distribution Transformers
The focuses of this paper are the 23kV/415V distribution transformers (DT-10 to DT-31) supplying the low voltage residential networks. Each distribution transformer is rated at 100 kVA and the impedance values from the commonly in service transformer types in Western Australia for this particular low voltage configuration are used. The transformer data are listed in the Appendix.
IV. SIMULATION RESULTS
Several simulation case studies are performed for coordinated charging of multiple PEV in the smart grid distribution system described in the previous section. Different PEV penetrations (17%, 31%, 46% and 62%), PEV owner priority groups and charging time zones (red, blue and green zones) are considered. System load curves and voltage profiles at the worst bus with PEV coordinated charging are shown in Figs. 3 to 17 and Tables I and II . Furthermore, the loading patterns on several distribution transformers serving low voltage networks subject to PEV charging are simulated. In order to gauge the PEV load impact, transformer loading is expressed in per-unit of peak transformer load current with no PEVs present. Figures 3-5 show the detrimental impacts of uncoordinated charging with 47% PEV penetration where the vehicles are randomly arrived and charged within the blue time zone (1800h-0100h). These results indicate that the system load curve will dramatically increase beyond the generation limit of 2.2 MW, voltage levels are dropped below the allowable limit of 0.9 pu and all distribution transformers are at stress as their current are much higher than the rated values. Figures 6-17 show the effect of different coordinated PEV loading patterns on total system demand, voltage profile and individual transformer loading. While the PEV coordination is limiting the system load peak and maintains all bus voltages within regulation, the transformer loading shows a lot of variability throughout the daily cycle. However, for low to medium PEV penetrations (e.g., 17-46%, Figs. 6-14) , this coordination approach diversifies the PEV charging load such that network congestion is largely avoided and the power surge on distribution transformers is relatively low. However, for very large PEV penetrations (e.g., 63%, Figs. 15-17) which could represent long term future PEV loading patterns, the coordination approach starts to show its limitations as the transformer current in several distribution transformers surges significantly. This is due to the fact that transformer loadings are not considered in PEV coordination algorithm. Fig. 3 . System load curve for random uncoordinated charging over the blue zone with 47% PEV penetration. Solid black line is the system load with no PEVs. This represents a realistic scenario of random PEV arrivals in the evening after work which coincides with much of the on-peak demand. Fig. 4 . Voltage profile at worst node (15-R48) with random uncoordinated charging occurring mostly during the on-peak demand period (47% PEV penetration). 
VI. CONCLUSION
This paper utilizes a recently developed real-time PEV charging coordination strategy to investigate the stress on distribution transformers feeding residential networks with low, medium and high PEV penetrations. The coordination algorithm includes PEV owner designated charging priorities, system load leveling, voltage profile and loss minimization functions. The PEV load management impacts on smart grid performance and transformer loading patterns are studied. The results are significant in understanding future transformer loading scenarios subject to coordinated PEV charging. The following main conclusions are drawn:
• In general, the coordinated charging approach has some effect in diversifying the PEV charging activities such that severe transformer load surges are minimized.
• All system node voltages are successfully maintained within regulatory limits with the tested coordinated charging approach.
• However, under very high PEV penetrations, e.g., 63% and for large systems as in this study, coordinated charging approach may not fully mitigate from severe increases in transformer loading as shown.
• While the given coordination approach is beneficial in overall system load leveling and peak shaving, high PEV penetrations may still result in significant increases in individual transformer loads that may exceed their ratings.
• The night time off-peak favored PEV loading in charger coordination approaches may not be so favorable if high PEV penetrations prevent sufficient transformer cooling over night. This may in the long run impact transformer service life and should be assessed in PEV charger coordination. APPENDIX System parameters of the low voltage 415V residential system (Fig. 1) are listed in Tables A1 and A2 . The data for IEEE 30 bus data is available in [14] . 
